In higher plants, the mitochondrial electron transport chain has non-phosphorylating alternative pathways that include the alternative terminal oxidase (AOX). This alternative pathway has been suggested to act as a sink for dissipating excess reducing power, minimizing oxidative stress and possibly optimizing photosynthesis in response to changing conditions. The expression patterns of the AOX genes have been well characterized under different growth conditions, particularly in response to light and temperature stress. Additionally, it has been suggested that mitochondrial electron transport is important for avoiding chloroplast over-reduction and balancing energy partitioning among photosynthesis, photorespiration and respiration. Nonetheless, the role AOX plays in optimizing photosynthetic carbon metabolism is unclear. Therefore, the response of photosynthesis to the disruption of AOX was investigated in the Arabidopsis thaliana T-DNA mutant aox1a (SALK_084897). Gas exchange analysis revealed a lower net CO 2 assimilation rate (A) at high CO 2 concentrations in the aox1a mutant compared to wild type. This decrease in A was accompanied by a lower maximum electron transport rate and quantum yield of PSII, and higher excitation pressure on PSII and non-photochemical quenching. The aox1a mutant also exhibited a lower estimated rate of ribulose 1,5-bisphosphate regeneration, and the ribulose 1,5-bisphosphate content was lower at high CO 2 concentrations, suggesting an ATP limitation of the Calvin-Benson cycle. Additionally, the activity of the malate-oxaloacetate shuttle was lower in the mutant compared to wild type. These results indicate that AOX is important for optimizing rates of photosynthetic CO 2 assimilation in response to rising CO 2 concentration by balancing the NAD(P)H/ATP ratio and rates of ribulose 1,5-bisphosphate regeneration within the chloroplast.
Introduction
The mitochondrial electron transport chain (mETC) is comprised of four large protein complexes: a proton-pumping NADH dehydrogenase (complex I), a succinate dehydrogenase (complex II), a Cyt bc 1 complex (complex III) and a Cyt c oxidase (complex IV). Electron flow through complexes I, III and IV results in the formation of an electrochemical proton gradient across the inner mitochondrial membrane. This drives the ATP synthase (complex V) to convert ADP to ATP. In addition to this classic mETC, plant mitochondria possess several non-phosphorylating pathways, including an alternative terminal oxidase (AOX; Finnegan et al. 2004 , McDonald 2008 , type-II NAD(P)H dehydrogenases [NAD(P)H-DHs; Rasmusson et al. 2004] and uncoupling protein (UCP; Picault et al. 2004 ). The cyanide-insensitive AOX oxidizes ubiquinol and reduces oxygen to water without translocating protons across the inner membrane. This alternative pathway bypasses the main proton-translocating complexes III and IV, and oxidizes NAD(P)H with varying levels of energy conservation, and electron transport to help balance the energy status of the cell.
Plant Cell Physiol. 53(9): 1627-1637 (2012) doi:10.1093/pcp/pcs107, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com In Arabidopsis, five genes encoding the AOX have been identified: AOX1a-d and AOX2. Expression of the AOX gene family has been shown to be tissue and development specific (Thirkettle-Watts et al. 2003) . Additionally, the expression of AOX genes and several alternative respiratory components is enhanced under stress conditions (Clifton et al. 2005) . For example, Clifton et al. (2005) demonstrated co-expression of AOX (AOX1a) and other components of alternative pathways, such as NAD(P)H-DH (NDB2) genes, under several different stress conditions, suggesting that these components may form a non-phosphorylating pathway of NAD(P)H oxidation to minimize oxidative stress. Additionally, AOX capacity, activity and expression have been shown in several species to be induced by numerous abiotic stresses, such as cold (Armstrong et al. 2008 , Watanabe et al. 2008 , drought (Bartoli et al. 2005 , Giraud et al. 2008 , nitrogen and phosphate limitation (GonzàLez-Meler et al. 2001 , Sieger et al. 2005 , Escobar et al. 2006 ) and reactive oxygen species-inducing stress conditions , suggesting an important role for AOX in optimizing leaf metabolism to changing environmental conditions. More recently, it has been shown that the expression profiles of AOX genes, as well as the amount and activity of AOX, exhibited a strong response to high light conditions, suggesting a functional link to chloroplast metabolism (Ribas-Carbo et al. 2000, Yoshida and Noguchi 2009 ). The expression patterns of the AOX genes have been well characterized under different growth conditions, particularly in response to light and temperature stress; however, the role AOX plays in maintaining photosynthetic carbon metabolism is unclear (Vanlerberghe et al. 2009 , Millar et al. 2011 .
In addition to a specific role in thermogenesis (Wagner et al. 2008 ) and a more general role in avoiding mETC over-reduction and generation of reactive oxygen species in response to cold stress , AOX may play a role in oxidation of excess carbohydrates (Lambers 1982 , Gandin et al. 2009 ). Furthermore, it has been suggested that AOX prevents adenylate restriction of respiration under phosphate limitation (Parsons et al. 1999) and dissipates excess reductant under nitrate deEciency (Escobar et al. 2006) . Respiratory mutants and use of inhibitors in protoplasts have also demonstrated that a fully functional mETC is essential for sustaining other metabolic processes such as photosynthesis (Padmasree et al. 2002) . It has been suggested that alternative pathways of mETC [AOX, NAD(P)H-DH or UCP] oxidize excess reducing equivalents produced by photosynthesis or photorespiratory glycine oxidation (Svensson and Rasmusson 2001, Sweetlove et al. 2006) . Furthermore, it has been suggested that mETC interacts with photosynthetic and photorespiratory metabolism by producing ATP necessary for sucrose exportation (Krömer et al. 1993) . The role of mitochondria in maintaining the redox balance of the cell has been shown by studies in which the activity of the classical mETC was altered using inhibitors (Zhang et al. 1996) or in complex I mutants (Gutierres et al. 1997) . The interaction of mitochondria and the chloroplast appears to be particularly important for avoiding chloroplast over-reduction and balancing energy partitioning between photosynthesis, photorespiration and respiration, in response to increased light (Florez-Sarasa et al. 2011 , Yoshida et al. 2011a , cold or drought (Giraud et al. 2008) . Nonetheless, direct physiological evidence for this role remains scarce (Noguchi and Yoshida 2008) .
Here we investigate the response of photosynthetic carbon metabolism in the previously characterized aox1a (SALK_084897) T-DNA plants (Giraud et al. 2008 , Watanabe et al. 2008 , Yoshida et al. 2011a ). In addition to simultaneous measurements of gas exchange and Chl a fluorescence, biochemical and metabolite analyses were used to determine the effect of AOX1A disruption on photosynthesis and mitochondria-chloroplast interactions. Furthermore, different temperatures and oxygen concentrations were investigated to determine the role of AOX1A in balancing energy between photosynthesis and photorespiration. We demonstrate that this mETC component contributes to maintaining optimal rates of photosynthetic CO 2 assimilation under high CO 2 concentrations.
Results
The photosynthetic characteristics and response of photosynthetic carbon metabolism to high CO 2 conditions were investigated in the aox1a T-DNA mutant (SALK_084897) and wild type (WT) A. thaliana.
Growth parameters
Total shoot biomass was not significantly different between the mutant and WT under our growth conditions (Table 1) . Additionally, leaf area, rosette size, the number of leaves and the specific leaf area were not significantly different (Table 1) . However, the C/N ratio was higher in the aox1a mutant compared to WT.
Carbon assimilation and photochemical efficiency
Measurements of photosynthetic responses to CO 2 concentrations were made at three different O 2 partial pressure (46, 184 and 368 mbar pO 2 ) and three temperatures (15, 25 and 35 C; Fig. 1 ). At low CO 2 concentrations, the response of the net assimilation rate (A) to intercellular CO 2 concentrations (C i ) was similar in the aox1a mutant and the WT, regardless of the pO 2 or temperature. However, at high CO 2 concentrations and 368 and 184 mbar pO 2 , A was lower at 25 and 35 C, but not at 15 C, in the aox1a mutant compared to WT (Fig. 1) . At high CO 2 concentrations, A was also lower at 46 mbar pO 2 and 25 C in the mutant (Fig. 1F ) compared to WT, but not at 15 and 35 C (Fig. 1C, I ). Additionally, A was typically lower at high CO 2 concentrations in the mutant compared to modeled A for a given pO 2 and temperature. The inhibition of the net CO 2 assimilation rate (ÁA) was stronger at 25 C than at 35 C in the aox1a mutant compared to WT (Fig. 2) . At 15 C, no significant inhibition occurred in the mutant. ÁA was not affected by pO 2 at 25 and 35 C in the mutant (Fig. 2) . Furthermore, stomatal conductance (g s ) under the high CO 2 concentrations was higher at 35 C compared to 25 and 15 C; however, g s was similar in the aox1a mutant and the WT, regardless of the pO 2 or temperature ( Table 2) .
The maximum Rubisco carboxylation rates (V cmax ) calculated from A-C i curves were higher as the temperature increased and the pO 2 decreased ( Table 2 ). In contrast, the maximum electron transport rate (J max ) and CO 2 compensation point (À) increased with temperature and pO 2 ( Table 2) . V cmax and À were not significantly different between the aox1a mutant and WT plants regardless of temperature or pO 2 ; however, J max was significantly lower in the mutant compared to WT under all conditions.
The quantum yield of PSII (f PSII ) increased with C i up to 250 mbar, regardless of the genotype, but at higher CO 2 concentrations f PSII was lower in the aox1a mutant compared to 13.9 ± 0.3a 29 ± 0.9a 52.4 ± 0.6a 5.25 ± 0.05b
Shown are the means ± SE of measurements made on six plants. Statistical analysis was conducted using a Student's t-test, and different letters indicate significant differences between genotypes at P < 0.05.
WT (Fig. 3a) . The excitation pressure on PSII (1 -qP) and non-photochemical quenching (NPQ) were higher at elevated CO 2 in the mutant compared to WT (Fig. 3b, c ) but the maximum efficiency was unchanged in both genotypes (F v / F m = 0.815 ± 0.002). Additionally, respiration in the dark (R d ) increased with temperature, but was not significantly different between genotypes (Fig. 4) . However, the carboxylation rate of Rubisco (v c ) and the rate of ribulose 1,5-bisphosphate (RuBP) regeneration, estimated from measurements of gas exchange and Chl a fluorescence, were lower at high CO 2 concentrations in the aox1a mutant compared to both the WT and modeled values (modeling according to von Caemmerer, 2000; Fig. 5 ).
Metabolite levels in leaves under high CO 2 conditions
Metabolites were quantified in leaves at 1,860 mbar CO 2 , 1,000 mmol m -2 s -1 of light, 25 C and 184 mbar pO 2 . The amount of phosphoglycerate (PGA) was 2-and 3-fold higher than that of triose phosphate (TP) and RuBP, respectively (Fig. 6) . Under these conditions, PGA was not significantly different between genotypes whereas TP decreased by 67% and RuBP by 57% in the aox1a mutant compared to WT. Additionally, the RuBP/PGA ratio was significantly lower in the mutant compared to WT plants (Fig. 6) . Levels of pyruvate (Pyr) and oxaloacetate (OAA) were higher in the mutant compared to WT, but phosphoenolpyruvate (PEP) was not significantly different (Fig. 6 ).
Malate (Mal)-OAA shuttle activity under high CO 2 conditions
The activities of NADH-and NADPH-dependent malate dehydrogenases (MDHs) were measured in leaves at 1,860 mbar CO 2 , 1,000 mmol m -2 s -1 of light, 25 C and 184 mbar pO 2 . Under these conditions, NADPH-MDH activity was 38-fold lower than NADH-MDH activity (Table 3) . Additionally, NADH-MDH activity was significantly lower in the aox1a mutant compared to WT. Initial NADPH-MDH WT 0.224 ± 0.014a 0.193 ± 0.012a 0.215 ± 0.013a 0.249 ± 0.013a 0.206 ± 0.005a 0.196 ± 0.008a 0.470 ± 0.034b 0.346 ± 0.017b 0.405 ± 0.017b aox1a 0.196 ± 0.021a 0.170 ± 0.015a 0.195 ± 0.012a 0.235 ± 0.030a 0.203 ± 0.024a 0.232 ± 0.026a 0.443 ± 0.036b 0.373 ± 0.024b 0.400 ± 0.032b
WT 19.9 ± 1.5a 27.4 ± 2.8a 26.8 ± 2.3a 88.4 ± 3.5b 81.2 ± 5.3b 55.8 ± 4.9 c 166.2 ± 6.1d 149.5 ± 9.1e 113.4 ± 9.1f aox1a 20.6 ± 1.8a 28.9 ± 2.3a 27.7 ± 1.7a 76.8 ± 9.4b 72.7 ± 5.9b 49.3 ± 5.1 c 160.9 ± 5.9d 146.9 ± 5.9e 112.7 ± 5.9f
WT 71.8 ± 0.2 75.1 ± 2.9 86.5 ± 3.9 129.9 ± 5.6 138.5 ± 6.0 144.4 ± 6.9 162.3 ± 3.6 185.1 ± 5.2 202.7 ± 5.7 aox1a 61.8 ± 2.5 72.7 ± 4.0 78.6 ± 2.7 111.0 ± 5.6 123.4 ± 7.7 131.7 ± 5.8 164.6 ± 7.7 179.8 ± 7.7 195.3 ± 7.7 À (mbar) WT 10.6 ± 5.7a 32.1 ± 2.9ac 68.2 ± 5.9b 4.9 ± 2.1a 45.3 ± 1.9bc 109.0 ± 3.7d 21.6 ± 2.5a 63.2 ± 9.7b 158.9 ± 9.5e aox1a 9.0 ± 3.3a 25.9 ± 3.3ac 55.0 ± 2.3b 7.5 ± 2.4a 44.4 ± 3.1bc 105.5 ± 6.1d 18.0 ± 2.2a 61.0 ± 7.9b 161.0 ± 6.7e
Shown are the means ± SE of measurements made on 5-6 plants. Statistical analysis was conducted using a three-way ANOVA, and different letters indicate significant differences at P < 0.05; for statistical comparisons of J max , see Supplementary Table S1 . Fig. 2 Difference in net CO 2 assimilation rate (ÁA) measured at high CO 2 concentration between the WT and aox1a as a function of oxygen concentration and temperature. ÁA was calculated as the mean of A in WT minus the mean of A in the mutant above 930 mbar CO 2 . Shown are the means ± SE of measurements made on 5-6 plants. Results of two-way ANOVA are indicated as *P < 0.05, **P < 0.01, ***P < 0.001. activity tended to be lower in the mutant (P = 0.062), whereas maximal activity [after dithiothreitol (DTT) treatment] was similar in both genotypes. Furthermore, in WT plants, NADPH-MDH was fully activated (98.8%) compared to growth light conditions (55.6%, data not shown), but the activation state decreased in the aox1a mutant compared to WT ( Table 3) . 
Discussion

Characterization of the aox1a mutant
Here we investigate the link between an alternative pathway of the mETC (AOX) and photosynthetic performance, using the aox1a T-DNA mutant. Seeds of the T-DNA insertional line lacking AOX1a used in our experiments (SALK_084897) were harvested from plants previously characterized by Giraud et al. (2008) . This same line has also been well characterized in the literature (Watanabe et al. 2008 , Yoshida et al. 2011a ) and has been shown to have non-detectable amounts of AOX protein. Likewise, we were unable to detect AOX protein in the mutant by Western blotting (results not shown). This line was also demonstrated to respond similarly to the SAIL_030_D08 line to light and drought (Giraud et al. 2008 ). Under our growth conditions (23/18 C day/night, relative humidity of 75% and irradiance of 300 mmol quanta m -2 s -1 with a 10 h photoperiod), the lack of AOX1a did not affect plant growth or phenotype. Similar observations were made for aox1a mutants grown under non-stress growth conditions , Watanabe et al. 2008 , Strodtkötter et al. 2009 ), whereas this mutant exhibited altered growth under stress conditions (Giraud et al. 2008) , confirming that AOX1a acts mainly in response to stress as suggested by Yoshida and Nogushi (2011) .
Lack of AOX1a alters photosynthetic carbon metabolism
The A-C i curves indicated a lower A in the aox1a mutant measured at 25 and 35 C compared to WT under high CO 2 concentrations where photosynthesis is generally limited by RuBP regeneration. Stomatal conductance at the high CO 2 concentrations was not different between the two genotypes, indicating that the decreased photosynthesis in the aox1a mutant was not due to a stomatal limitation. Accordingly, the estimated J max was lower in the mutant, whereas V cmax was not different ( Table 2) . To our knowledge, information regarding the response of A to CO 2 concentration and estimated J max and V cmax has not been reported for the aox1a mutant. However, previous studies with SHAM-treated pea mesophyll protoplasts showed that they had lower photosynthetic rates (Padmasree et al. 2002) . This further supports the role of AOX in maintaining rates of photosynthesis. However, in Yoshida et al. (2011) , the net photosynthetic rate at approximately 2,000 m bar in the aox1a mutant was similar to that of the WT. This discrepancy could be explained by differences in growth light conditions between the two experiments and the much lower net photosynthetic rates under high CO 2 conditions in Yoshida's study (around 10 mmol m -2 s -1 ) compared to measurements of 25 mmol m -2 s -1 under similar measurement conditions. In Fig. 6 Quantification of metabolites in wild-type (dark) and aox1a (light gray) leaves of Arabidopsis thaliana harvested at 1,860 mbar CO 2 , 25 C and 184 mbar pO 2 using a rapid-kill system (see the Materials and Methods). Shown are the means ± SE of measurements made on seven plants. An asterisk denotes a signiEcant difference for P < 0.05. the data presented here, f PSII was also lower in the mutant under elevated CO 2 , whereas the F v /F m was unchanged. Giraud et al. (2008) also described an altered f PSII under moderate light-and drought-treated aox1a mutants compared to WT. These data suggest that under certain conditions, such as high CO 2 concentrations and drought stress, the chloroplast electron transport chain (cETC) is inhibited in the absence of AOX. Furthermore, 1 -qP and NPQ increased in the aox1a mutant under high CO 2 concentrations, suggesting an over-reduction and decreased capacity of the cETC. These data suggest that alteration of the alternative mETC pathway in the aox1a mutant influences chloroplast photochemistry and rates of CO 2 assimilation. Rubisco carboxylation and the rate of RuBP regeneration, estimated from fluorescence and gas exchange measurements according to von Caemmerer (2000), were both lower under high CO 2 concentrations in the aox1a mutant compared to WT. Additionally, metabolite measurements confirmed that the amounts of RuBP and TP, both ATP-dependent products, were lower in the mutant, whereas the amount of PGA, a non-ATP dependent metabolite, was unchanged (Fig. 6) . The lower RuBP/PGA ratio further suggests that the Calvin cycle activity was more RuBP limited in the aox1a mutants under elevated CO 2 . RuBP limitation can result from a decrease in cETC, proton pumping across the thylakoid membrane and ATP generation.
Mal-OAA shuttles link mETC disruption to photosynthesis alteration
It has been extensively demonstrated that mitochondrial electron transport plays an important role in regulating the energy and redox homeostasis of plant cells (Noctor and Foyer 1998 , van Lis and Atteia 2004 , Gardeström et al. 2004 , Noctor et al. 2007 ). This is facilitated in part by the Mal-OAA shuttle, which is one of the main ways by which reducing equivalents are shuttled between the chloroplasts, cytosol and mitochondria (Heldt 1992) . This shuttle also helps balance the chloroplast NADPH/ATP ratio (Scheibe 2004 ) by consuming excess NADPH via the reduction of OAA to Mal under high light conditions (Noguchi and Yoshida 2008) and releasing NADH in the cytosol through OAA regeneration. Furthermore, mitochondrial oxidative electron transport has been suggested to act as an alternative electron sink to maintain an optimal shuttling of excess reductant out of the chloroplast (Raghavendra et al. 2003 , Yoshida et al. 2007 . For example, a higher reduced state of chloroplasts has been observed in mutants where mitochondrial metabolism has been altered (Noctor et al. 2004 , Sweetlove et al. 2006 , Giraud et al. 2008 , Strodtkötter et al. 2009 , Yoshida et al. 2011b , suggesting an alteration of the chloroplast capacity to export excess reductant. In the aox1a mutants the reduced state of the chloroplasts and excitation pressure observed under high CO 2 suggests a need for an increased Mal-OAA shuttle activity compared to WT. However, the activity of NADH (mmol min -1 cm -2 ) MDH and the activation state of NADPH MDH, both key components of the Mal-OAA shuttle, were lower in the aox1a mutant compared to WT (Table 3) . This indicates a lower exportation of reducing equivalents from the chloroplast in the aox1a mutant compared to WT. This is probably related to an over-reduction of the cytoplasm due to the lower mitochondrial consumption of cytoplasmic reductant (NADH). Similar conditions have been demonstrated by Padmasree and Raghavendra (2001) where the inhibition of the mitochondrial alternative pathway resulted in altered light activation of key chloroplastic enzymes, including NADPH-MDH, in pea mesophyll protoplasts. In the aox1a plants, the loss of AOX1a decreased the activation state of NADPH-MDH regardless of the redox state of the chloroplast ( Table 3) . This lower activation state in aox1a mutants is explained by limited OAA (substrate of NADPH-MDH) regeneration from malate oxidation due to the lower capacity of the alternative mETC to consume reductant from the cytoplasm. This demonstrates that mETC is important for regulating NADPH-MDH activity and the redox status of the chloroplast under high light and CO 2 concentrations. Additionally, Padmasree et al. (2002) suggested that a lower capacity of the alternative mETC slowed chloroplast export of reductant through the Mal-OAA shuttle, thereby increasing the NADPH/NADP ratio in the chloroplast. In the aox1a mutant, an increase in NADPH/NADP within the stroma would decrease ATP availability under high CO 2 concentrations, leading to an imbalance in NADPH/ATP and a RuBP limitation to photosynthesis, as demonstrated by our gas exchange measurements (Fig. 5) . This suggests that cyclic electron flow around PSI, chlororespiration and the water-water cycle, which have also been suggested to balance NADPH/ATP within the chloroplast (Kramer and Evans 2011, Yoshida et al. 2011b) , are not sufficient to compensate for the lack of alternative mETC in the aox1a mutant when the ATP demand is high under elevated CO 2 concentrations. This indicates that AOX is important for maintaining optimal CO 2 assimilation rates at high CO 2 concentrations by balancing the chloroplastic NADPH/ATP ratio and rates of RuBP regeneration.
Why is the alternative mETC important at high and not ambient CO 2 ?
Although the aox1a mutant did not exhibit clear changes in photosynthesis at ambient CO 2 concentration, two hypotheses could explain the importance of the alternative mETC components at elevated CO 2 concentration. First, increasing the CO 2 concentration has been suggested to decrease the in vivo activity of Cyt oxidase and succinate dehydrogenase (Gonzalez-Meler et al. 1996) , two main components of the classical mETC. This inhibition of Cyt oxidase was suggested to be compensated by an increased requirement for alternative pathways in isolated mitochondria (Gonzalez-Meler and Siedow 1999) . Although it has not been shown whether this mechanism occurs in intact plant tissues, such a compensatory mechanism might amplify the importance of AOX in photosynthetic tissues exposed to a rising CO 2 concentration. Secondly, photorespiration can also act as an energy-dissipating system. Indeed, only 30-50% of NADH produced by glycine decarboxylase-serine hydroxymethyltransferase activity is exported from the mitochondria to the peroxisome for hydroxypyruvate reductase activity (Kromer 1995) . The remaining NADH required by hydroxypyruvate reductase must be imported from the chloroplast. Under high CO 2 conditions, the limited photorespiratory activity appears to increase the importance of mitochondrial respiration in energy dissipation from the chloroplast and cytosol.
Conclusion
The results presented here demonstrate the role of AOX in maintaining optimal photosynthetic carbon assimilation under elevated CO 2 concentrations. Disruption of AOX1a activity leads to reductant accumulation and over-reduction of cETC under high CO 2 concentrations. The loss of the alternative sink for dissipating excess reductant caused an ATP limitation of the Calvin cycle activity and RuBP regeneration, altering rates of photosynthetic carbon assimilation. Our data demonstrate that AOX1a is important for optimizing chloroplastic NADPH/ATP ratios and the photosynthetic response to increasing CO 2 concentrations.
Materials and Methods
Plant material and growth conditions
Seeds of Arabidopsis thaliana, ecotype Col-0 and the T-DNA insertion line for AOX1a (SALK_084897), were surface sterilized in 95% ethanol for 2 min and then in a solution of 20% sodium hypochlorite with 0.05% Tween-20 for 20 min. Seeds were subsequently rinsed three times in sterile ultrapure water and plated on Murashige and Skoog (MS) medium (Plant Media) containing 0.8% agar and 1% sucrose. Plated seeds were stratified for 72 h at 4 C and then germinated in a growth chamber at 23/18 C day/night, relative humidity of 75% and irradiance of 300 mmol quanta m -2 s -1 with a 10 h photoperiod. After 7 d, seedlings were transplanted into a pot containing commercial soil (Sunshine LC1, Sun Gro Horticulture) and grown in the same controlled environment. Plants were fertilized weekly and watered every 3 d.
Gas exchange measurements
Gas exchange was measured on a single mature leaf using a Li-cor 6400 Portable Photosynthesis System (Li-cor Biosciences) at a saturating irradiance of 1,000 mmol quanta m -2 s -1
. Net photosynthesis as a function of intercellular CO 2 concentration (A-C i ) curves were made at a leaf temperatures of 15, 25 and 35 C and a pO 2 of 46, 184 and 368 mbar. Mixing pure nitrogen and oxygen gases with two mass flow controllers (Aalborg) was used to control the oxygen concentration inside the leaf chamber. The inhibition of A (ÁA) at high CO 2 concentration was calculated as the difference between the mean A in the WT plant and the mutant.
The V cmax , J max and À were determined for all temperatures and O 2 partial pressures presented above. V cmax and J max were calculated according to von Caemmerer (2000) using in vivo tobacco Rubisco constants. À were determined as the intersection of the initial slope of an A-C i curve. Chl a fluorescence were simultaneously measured with gas exchange using a Li-cor 6400-40 pulse-modulated fluorometer and multi-phase flash protocol. f PSII , 1 -qP and NPQ were measured in the light and leaves were also dark adapted for 30 min before the measurement of F v /F m and R d . The v c and the rate of RuBP regeneration were calculated and modeled according to von Caemmerer (2000; eqs. 2.22 and 2.3).
Growth analysis
Total leaf area, leaf number and rosette size were measured from digital pictures of whole plants using Image J software (NIH). Rosette size was calculated using the method of Feret's diameter. Additionally, a leaf punch was harvested, dried for 48 h at 65 C and weighed to calculate the specific leaf area. Total shoots were also harvested, dried for 96 h at 65 C and weighed.
Metabolite quantifications
A rapid-kill system connected to a Li-cor 6400 gas analyzer was used to freeze-clamp the leaves between two liquid nitrogen-cooled copper rods (Badger et al. 1984) to minimize degradation of metabolites and harvest leaf tissues under 25 C, 1,860 mbar CO 2 , 184 mbar O 2 and an irradiance of 1,000 mmol quanta m -2 s -1
. Sample were stored at À80 C and subsequently ground with a mortar and pestle chilled with liquid nitrogen and extracted in HClO 4 . Metabolites were assayed spectrophotometrically by coupled enzyme assays (Badger et al. 1984 , Furbank and Leegood 1984 , Leegood and von Caemmerer 1988 . Accordingly, TP, PGA and RuBP were measured consecutively in the same assay according to He et al. (1997) . OAA, Pyr and PEP were then measured consecutively in a second assay. All metabolites were assayed immediately after extraction.
Activities of Mal-OAA shuttles
Additional leaf samples were freeze-clamped under conditions identical to metabolite assays and stored at À80 C until extraction. Tissue was subsequently ground with 0.05 g of polyvinylpolypyrrolidone (PVPP) with a mortar and pestle chilled with liquid nitrogen. Samples were extracted in HEPES buffer as previously described (Dutilleul et al. 2003 ) with addition of 20 ml ml -1 protease inhibitor (Sigma-Aldrich). The initial NADP-MDH activities in chloroplasts were measured directly in the crude supernatant according to Dutilleul et al. (2003) . The maximal activity was measured after the enzyme was fully activated by pre-incubation of the crude supernatant for 30 min in 1 ml of 40 mM Tricine-KOH pH 9.0 containing 0.4 mM EDTA, 120 mM KCl, 100 mM DTT, 0.5 mM NADPH. The percentage activation of NADP-MDH was calculated as the ratio of initial to maximal activity. The NAD-MDH activity in the cytosol and mitochondria was assayed according to Millar and Leaver (2000) . All reactions were run for 5 min before the addition of substrate to measure background consumption of NADH or NADPH.
Statistical analysis
A-C i curve parameters were analyzed by three-way analyses of variance (ANOVAs) to test genotype, temperature and oxygen concentration effects (Supplementary Table S1 ) using Statistix software (Analytical Software). A posteriori multiple comparisons tests were performed using Tukey-Kramer's method. Homogeneity of variance and normality were checked for each ANOVA. Student's t-tests were conducted to analyze genotype effects on all other variables presented in this study. SigniEcant effects were determined for P < 0.05.
Supplementary data
Supplementary data are available at PCP online. 
